The aim of our study was to evaluate whether blockade of a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMP A) receptors could reduce brain edema in two experimental models of edema following opening of the blood-brain barrier (BBB). The brain spe cific gravity was determined 2 h after opening the BBB by a 30-s infusion of protamine sulfate (10 mg in 200 ILl 0.9% NaCl) or arabinose (1.5 or 1.8 mollL, 0.06 ml . s -I ) into the right internal carotid artery. Cisternal CSF was with drawn for albumin determination before the carotid infu sion and before killing 2 h later. After infusion of prot amine sulfate or arabinose, CSF albumin increased in all groups. The brain specific gravity was significantly lower
The brain edema that may occur following an opening of the blood-brain barrier (BBB) has been termed vasogenic brain edema (Klatzo, ] 967). Al though many later reports have suggested that va sogenic brain edema is an exclusively extracellular edema, it was pointed out in the original report that vasogenic edema often is accompanied by swelling of cellular elements, particularly astrocytes (Klat zo, 1967) . That alterations of the extracellular envi ronment are likely to influence the volume regula tion of cells, particularly astrocytes, has been con firmed in a number of ultrastructure studies. Thus, Nag and co-workers observed swelling of astro cytes after opening of the BBB by acute hyperten sion (Nag et aI., 1977) and a "very pronounced wa tery swelling of astrocytic processes and to a minor in the right than in the left (control) frontal, parietal, and occipital cortex and striatum. NBQX (2,3-dihydroxy-6nitro-7-sulfamoylbenxo(F)quinoxaline), an AMPA recep tor antagonist, given intravenously 10 min after opening the BBB (5 mg/kg) , significantly increased the specific gravity in the treated rats (p < 0.01 for the difference from control rats) without reducing CSF albumin or albumin extravasation in the brain as evaluated with Evans blue. We hypothesize that intracerebral (glial?) AMPA recep tors may play a role in brain edema following opening of the BBB. Key Words: Blood-brain barrier-Brain edema-Arabinose-Protamine sulfate-Glutamate an tagonists-AMPA receptors. degree to expansion of dendrites and axones" was observed 1 h after carotid infusion of hyperosmolar solutions of urea and mannitol (Salahuddin et aI., 1988) . Furthermore, the extent of water accumula tion is not exclusively determined by the extrava sation of plasma constituents but also related to whether or not the opening of the BBB is associated with neuronal injury as in the commonly used cold irtiury model. The term "brain edema factors" has been introduced for compounds which can provoke edema formation if released locally in the brain or upon gaining access to the brain through the dis turbed BBB (Baethmann et aI., 1980) . Intracerebral injection (Van Harreveld and Fifkova, 1971) or ven tricular perfusion (Baethmann et aI., 1980) of gluta mate can lead to development of brain edema, and glutamate has been proposed as a brain edema fac tor (Baethmann et aI., 1988 (Baethmann et aI., , 1989 Kempski et aI., 1990) .
We have earlier shown that NBQX (2, 3dihydroxy -6-nitro-7 -sulfamoyl-benzo(F)quinox aline), a selective a-amino-3-hydroxy-5-methyl-4isoxazole propionic acid (AMP A) receptor antago nist (Sheardown et aI. , 1990 ) significantly reduces glutamate-induced brain edema (Westergren and Johansson, 1992) . The aim of the present study was to evaluate if blockade of AMP A receptors can di minish edema development after an opening of the BBB with no exogenous glutamate administration and no primary tissue necrosis. The two edema models used were intracarotid infusion of prot amine sulfate (Nagy et aI. , 1983; Westergren and Johansson, 1990) , and hyperosmolar opening with arabinose (1.5 and 1.8 mollL; Rapoport et aI., 1980; Wennberg et aI. , 1991) . The specific gravity of se lected brain regions in control rats given protamine or arabinose alone and in rats given NBQX lO min after opening of the BBB was determined 2 h after the intracarotid infusion. The BBB leakage was vi sualized by intravenously injected Evans blue, and the albumin level was determined in the cerebrospi nal fluid (CSF). One group of rats also received MK 801 (5-methyl-lO, 11-dihydro-5H-dibenzo[a,d]cyklo hepten-5,10-imine maleate), an NMDA antagonist.
MATERIAL AND METHODS

Surgery
Catheters were inserted into a femoral vein and a fem oral artery in male Sprague-Dawley rats (250-300 g body weight), anesthetized with intraperitoneal injection of methohexital (Brietal, Lilly) 50 mg/kg. The right external and internal carotid arteries were exposed, and the ptery gopalatine artery and the distal end of the external carotid artery were ligated. An Intramedic PE-lO polyethylene catheter connected to Porte x PE 50 tubing was inserted into the external carotid artery toward the carotid bifur cation. The catheters were exteriorized on the back of the neck. The occipital bone was then exposed, and a hole drilled at the sagittal midline between the interparietal and occipital bone. A cannula was placed in the cisterna cerebellomedullaris, fixed to the skull with screws and dental cement, and 30-50 j.ll CSF was withdrawn, as pre viously described (Westergren and Johansson 199Ia) .
Intracarotid infusion of protamine sulfate
After 2-3 h recovery period, a 2% solution of Evans blue (3 mg/kg), that binds in vivo to serum albumin, was injected intravenously 10 min before a filtered solution of 10 mg protamine sulfate grade X (Sigma) in 200 j.ll 0.9% NaCI (saline) was infused into the right carotid artery over 30 s. Ten minutes after the infusion, NBQX (5 mg/kg; 3 mg/ml in sterile water) or MK 801 (0.5 mg/kg; 0.5 mg/ml in saline) was given slowly i. v.
Intracarotid infusion of arabinose
The rats were kept anesthetized during the infusion since they reacted very strongly if kept awake. Evans blue was injected, and 10 min later 1.8 ml arabinose (1.5 or 1.8 moVL) was infused into the carotid artery over 30 s. Ten minutes later, NBQX (5 mg/kg) was given i.v.
Mean arterial pressure (MAP) was monitored, and sam ples of arterial blood for blood gases, hematocrit (HCT), and glucose were taken before the intracarotid infusion and before killing. 13, No.4, 1993 Determination of brain specific gravity Two hours after the intracarotid infusion, the rats were reanesthetized with methohexital, i.v. (10 mg/ml), and a second CSF sample was taken. The animals were then decapitated, the brains immersed in kerosene, and sec tioned into four coronal slices. The specific gravity of tissue samples was determined in a gradient tube made of 500 ml of two different bromobenzene-kerosene mixtures (Nelson et aI., 1971) . Linearity was controlled by stan dard solutions of NaCI (Fujiwara et aI., 1981) in connec tion with determination of every sample series. Samples were taken from the right and left frontal, parietal, and occipital cortex and from the striatum.
Determination of albumin in the CSF
Albumin was determined by immunoelectrophoresis. The samples with macroscopic blood contamination were excluded (Westergren and Johansson, 1991a) ; the number of rats from which both CSF samples were obtained is given in Table 1 .
Statistics
Values are given as mean ± SD. Paired Student's t test was used for statistical comparisons over the time within the same group (CSF albumin and physiological parame ters). One-way analysis of variance (ANOV A) with Scheffe's post hoc test was used for comparisons be tween groups (specific gravity, CSF albumin, and physi ologic parameters).
RESULTS
Some muscular twitches and headshaking could be seen during the infusion of protamine sulfate to the conscious rats; no abnormal behavior was ob served after the infusion except that rats given MK 80 I were somnolent. In the majority of rats infused with arabinose, apnoea and muscle contractions in the neck and left-side extremities were observed during the infusion. These rats stayed unconscious for 30--50 min, which is longer than normally seen TABLE 1. Endogenous albumin content in cisternal fluid withdrawn before (CSF 1) and 2 h after intracarotid infusion of protamine sulfate (10 mgl200 j.ll) or arabinose (1.5 or 1.8 moUL, 0.06 mi· S-l) alone or followed 10 min later by i.v. injection of MK 801 (0.5 mg/kg) or NBQX (5 mglkg Mean values ± SD; n, number of animals; NBQX, 2,3dihydroxy-6-nitro-7-sulfamoyl-benzo(F)quinoxaline; MK 801, (± )-5-methyl-IO, II-dihydro-5H-dibenzo[a,d)cyclohepten-5, 10imine maleate. a p < 0.001, b p < 0.005 for difference from CSF 1 (paired t test).
after the methohexital dose used; and these animals remained less alert than the rats given protamine.
MAP, pH, and blood gases before and 2 hours after protamine sulfate and arabinose (Table 2) did not differ between the groups. MAP increased sig nificantly during the infusion of arabinose to 139 ± 14 mm Hg after 1.5 mollL arabinose and to 155 ± 19 after 1.8 mollL arabinose, but returned to baseline level within a few minutes. The initial blood glucose levels did not change in rats given NBQX but were significantly increased 2 h after protamine infusion alone or followed by MK 801 as well as in rats in fused with 1. 8 mollL arabinose ( Table 2) .
The CSF albumin content was significantly in creased in all groups, with no significant difference between the groups (Table O. The right brain hemispheres were diffusely stained by the extravasated Evans blue/albumin; the staining sometimes extended to the medial part of the contralateral left hemisphere, more often in the arabinose groups. The brain specific gravity of standardized brain regions from the left hemi spheres with no tracer extravasation was 1.047 ± 0.001 for all parts of cortex and striatum (Figs. 1, 2) ; these values did not differ from earlier reported control values from our laboratory (Westergren and Johansson, 1991b) . In the right hemispheres, the specific gravity was significantly reduced in all groups. In rats infused with protamine or 1. 8 mollL arabinose, the brain specific gravity was signifi cantly higher in the groups treated with NBQX than in rats with no treatment (p < 0.01) or with MK 801 (p < 0.01) (Figs. 1, 2) . Although not statistically significant, a trend toward an increased specific gravity after treatment with NBQX was also seen in rats given 1.5 mollL arabinose.
DISCUSSION
Perfusion with hyperosmolar solutions is a well established experimental model for opening of the BBB (Rapoport et aI. , 1980) . The lower dose of arabinose (1.5 mollL), used earlier in our laboratory to open the BBB (Wennberg et aI., 1991) gave a comparatively mild edema, whereas 1.8 mollL, ear lier shown by Rapoport et ai. (1980) to induce brain edema, decreased the brain specific gravity to about the same degree as 10 mg protamine sulfate.
Protamine is thought to open the BBB predomi nantly by neutralizing the negative endothelial sur face charge (Nagy et aI., 1983) . Intracarotid infu sion of protamine induces edema if given in a high dose (10 mg) but not in lower doses (Westergren and Johansson, 1991b) . Protamine can, with little discomfort, be used in conscious animals; this has certain advantages when the BBB is studied (Jo hansson, 1978; Jezova et aI. , 1989) . In contrast to hyperosmolar solutions, protamine does not induce a massive increase in stress hormones (Jezova, 1990) . Whichever model used, the degree of BBB opening will be related to the concentration and amount of the solution used. The reason for giving the glutamate antagonists 10 min after the barrier opening was that after arabinose as well as prot amine sulfate the BBB opening is transient, and the leakage of the BBB is quantitatively largest during the initial phase after the intracarotid infusion (Strausbaugh, 1987; Rapoport et aI., 1980; Wester gren et aI., unpublished) . Together with the fact that the extravasation of Evans blue/albumin into the brain and the albumin content in cisternal fluid did not differ between the treated and nontreated rats, it seems unlikely that the NBQX-induced reduction of brain edema is due to less leakage over the BBB. We hypothesize that NBQX acts on intracerebral non-NMDA receptors.
MK 801 was tested in one group of rats given protamine. It has been shown that some polyamines (e.g. , spermine and spermidine) can alter the activ ity of NMDA receptors (Ransom and Stec, 1988) and protamine may have a similar effect. The lack TABLE 2. Physiological variables in rats 2 h after intracarotid infusion of protamine sulfate (10 mg in 200 J.L1 saline) or arabinose (1.5 or 1.8 mol/L, 0.06 ml . S-I) alone or followed 10 min later by Lv. injection of MK 801 0.5 mg/kg or NBQX 5 mg/kg 6.1 ± 0.9 13.3 ± 1.9 7.44 ± 0.09 48.3 ± 1.1 9.0 ± 1.2 Arabinose 1.5 mollL, NBQX 8 109 ± 7 5.9 ± 0.9 12.9 ± 2.2 7.42 ± 0.05 49.1 ± 1.3 8.8 ± 1.8 Arabinose 1.8 mol/L 9 111 ± 7 6.0 ± 1.0 13.0 ± 1.8 7.44 ± 0.07 50.0 ± 2.2 11.9 ± 2.8Q Arabinose 1.8 mollL, NBQX 8 110 ± 7 5.8 ± 1.2 13.1 ± 1.1 7.43 ± 0.09 49.3 ± 1.8 9.5 ± 1.9
Mean values ± SD; n, number of animals; MAP, mean arterial pressure; HCT, hematocrit; MK 801, (±)-5-methyl-IO,1I-dihydro-5H-dibenzo[a,dlcyklohepten-5, 10-imine maleate; NBQX, 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo(F)quinoxaline.
Q p < 0.01 for difference to resting values (paired t test). sphere (mean ± SO) 2 hours after infu sion of 10 mg protamine sulfate into the right internal carotid artery (n = 12) alone or followed 10 min later by Lv. injection of 5 mg/kg NBOX (n = 10) or 0.5 mg/kg MK 801 (n = 6), 'p < 0.01 for the difference between the groups (one way ANOVA, Scheffe's post hoc test). The difference from the control left hemisphere (confi dence interval 1,0460-1.0480) was signif icant in all groups (p < 0.0001; paired t test).
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Parietal cortex Occipital cortex Striatum of effect of MK 801 on vasogenic edema in the present study is in agreement with an earlier pilot study on glutamate-induced edema. The dose used (0.5 mg/kg) has been shown to attenuate brain edema in focal (Oh and Betz, 1991) and global isch emia (Shinohara et aI., 1990) . Higher doses could not be given since the rats became excessively se dated and the survival was low (unpublished obser vations). Glutamate is, under physiological, conditions strictly compartmentalized in the brain. When re leased into the extracellular space, glutamate is rap idly taken up by an uptake mechanism in the glial cells (Hertz, 1979) . Studies using intracerebral mi crodialysis during the opening of the BBB with 10 mg protamine sulfate, the dose used in the present
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1.0480 study, have shown that glutamate, glycine, and as partate increase in the extracellular fluid 30-50 min after the BBB opening and remain increased for at least 2 hours, i.e., the time period studied so far. Taurine, which is important for the volume regula tion of cells, increases also. However, when the BBB was opened with 5 mg protamine sulfate, a dose that does not induce brain edema, no such changes were seen, suggesting that the extracellular increase in amino acids occurs concomittantly with the edema (Westergren et aI., 1993) .
Glutamate can induce acute cellular swelling of neurons (Choi, 1988) as well as of glial cells (Chan and Chu, 1989; Glaum et aI., 1990; Koyama et aI., 1991; Eriksson et aI., 1992) . Astrocyte swelling is an early event in the development of brain edema in o Arabinose 1.5 mol/L � Arabinose 1.5 mol/L, NBQX • Arabinose 1.8 mol/L fZl Arabinose 1.8 mol/L, NBQX FIG. 2. Specific gravity in the right brain hemisphere (means ± SO) 2 hours after intracarotid infusion of arabinose (1.5 mol/L; n = 8 or 1.8 mol/L; n = 9) alone or followed 10 min later by Lv. injection of 5 mg/kg NBOX (n = 8 in both groups), 'p < 0.01 for the difference between the treated and corresponding nontreated groups (one way AN OVA, ScheffEl's post hoc test). The difference from the control left hemisphere (confidence interval 1.0460-1.0480) was significant in all groups (p < 0.0001; paired t test). (Kimelberg and Ran som, 1986) including edema following opening of the BBB by acute hypertension or hyperosmolar solutions (Nag et aI., 1977; Salahuddin et aI., 1988) .
Ongoing ultrastructural studies on protamine sul fate confirm that this is the case also in the prot amine model (unpublished observations). AMPA and kainate glutamate receptors, but not NMDA receptors, have been identified on glial cells (Bal lanyi et aI., 1989; Cornell-Bell et aI., 1990; Usowicz et aI., 1989) . Thus, it is likely that the antiedema tous effect of NBQX is at least, in part, due to blockage of non-NMDA receptors on glial cells. We have earlier reported that phenothiazine derivatives can prevent brain edema induced by intracarotid injection of protamine sulfate (Westergren and Jo hansson, 1991b) . However, it is only active when given before opening of the BBB, suggesting that the effect is mainly mediated via an effect on the BBB itself. The fact that edema can be reduced also when NBQX is given after opening of the BBB makes it of particular interest in studies of this type of edema. The molecular mechanism behind the ef fect remains to be evaluated.
